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HURRICANE HILDA, 1964 

I. GENESIS,  AS  REVEALED BY SATELLITE  PHOTOGRAPHS, 
CONVENTIONAL  AND  AIRCRAFT  DATA 
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ABSTRACT 

The  formation of hnrricane  Hilda is followed using  satellitr  photographs,  surface  and 200-mb. streamline nnnly- 
RPS, nlld 500- to  200-mb. thickness and shear wind :tnnlyscs. Thc formation of a strong upper level  ant,icpclonc nearly 
o \ w  t l w  1)erturI)ntiorl  coincidrd  with  markod  warming in  thc 500- to 300-mb.  level.  Significant,  deepening was dr- 
1:rycd until the distt~rb:~ncc \V:W clear of t.hv is1:tnd of Cr1h:L. Profiles of mctcorological  parnmctms arc studied as the 
drxepc*ning I)rocwds nnd details of thc st,rrlcturr  from photographs and  radar film are presented. 

The two  major  purposes of this  paper',  which  is  being 
pnblished  in three  parts,  are to describe t,he formation of 
Hilda  in d l  nvni1:hle detail t u l d  t,o examine t'he storm 
on the 1st in 11s many  relevant. w:~.ys as t'hc :tircrnft, tlittn 
perrnit. A somewhat. more cursory discussion o f  the ap- 
proach of the st,orm to the coast. nnd it's c1epr:td:ltion into 
:in extratropical  wtve ;we finally  present,ed. The  mthors 
have  endeavored 1.0 m e  sxtellite  photogrnphs  where  t'hey 
appear helpful and informat.ive. 

2. THE  FORMATION OF HURRICANE  HILDA 

The official t,rack of hurricane  Hilda is presented in 
figure 1, which shows th:Lt. the storm was first, recorded as 
:I tropical tlel)re,ssion :it 12 GMT on Sepi. 28, 1964. How- 
ever, the first8 notice  that :I possible disturbance \\-as 
forming o u t .  over the At81unt.ic IV:N contained  in a messagc 
from the  S:ltional  Weather Satjellit.e Cent,er on Sept. 23, 
1964. TIEOS 7 hnd det,ected ill1 :Imorpllous miss of clouds 
c1l:lracterized :IS a "disturbed are:l.'' Available  surftlcc 
\\-eather reports did not  indicate any significant. perturbn- 
tioll in t.he lon- level flow  field and  there were insufficient. 
data  nloft, t o  define t,he analysis. h t , e  on  the  24th (fig. 2)  
:I subsequent  picture  showed  either mest,m:lrd motion o f  
the cloud format,ion or a n e d y  formed  cloud mass. Few 
useful were available at, sea  level, :\nd at, 200 mb. 
there \\-as tI suggestion that t8he cloud I n a s  was centered 
11e:Ir the  sont,h  side of ;I col. The 500-mh. :inalysis (no1 
shown) n a s  quite  similar t o  t h a t  a t  200 nib. One day 
later  the cloudiness IV:IS centered  farther me st^ nnd np- 
1)eured much  more  ext,ensive (fig. 3 ) .  At the 200-mb. 
level it seemed t,o be locat,ed  throughout  the col and t.hc 
east>erly  wave sont,h of the col; a t  500 mb.  the nsis of a 
fairly strong easterly  wave mns  about. 2 O  of long. west of 
t,he 200-mb. axis. 

On  September 26, no satellite  picture  was  available, 
but by 00 GMT on the  27th R closed cyclonic circulaCion 
had developed  over Haiti at   the upper level (fig. 4) snd a 
barely  detectable  wave  in t,he  easterlies could be  analyzed 
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FIGURE 1.-The track of hurricane  Hilda, Sept. 28-Oct. 5 ,  1964, inclnding  tropical  depression,  tropical storm, ht~rricane  and  cxtrntropicnl 
phase  stages. 

over  eastern  Cuba at  the surface (fig. 5 ) .  The connection 
between  these  two  feat.nres W R S  rather t’erluous, as evi- 
denced by the  relation of the  surface  trough  to  the 500- 
to 200-mb. thickness pattern (fig. 6) and  the  subsequent 
history o f  this  reltltionship.  Twenty-four hr.  later (fig. 7) 
the  upper level vortex  had moved sollth-southwest~\~rard 
and the  strengthened  surface  wave (fig. 8) now lay  under 
the weak thickness  ridge (fig. 9).  The  major changes that 
had  occurred  in  this  period  appeared to  be t-he st’rengthen- 
ing of the cyclonic vorticit’y center  over  the  Ba.hamas 
(fig. 3 )  into closed cyclonic circulation  n0rt.h of Cubtt 
(fig. 7), the  strengthening of the  surface  wave  already 
ment’ioned, and  the amplification of the  ridge-trough  thick- 
ness pattern  from  central  to  eastern Cuba (fig. 9).  The 
thickness pattern was reasonably well supported  by  the 
shear winds, and the thickness  ridge  over  eastern Cuba 
may  have been  part8ially  induced by t,he release of latent) 
heat in the shower activit~y  that accompanied the wave. 

The satellite  photo (fig.  10) and  its  nephanalysis (fig. 
11) covered the  northern  portion of the  surface  wave only. 
It did, however, suggest’ the  development, of a significant, 
cloud mass, which t1ppe:lred to  have  cirrus outflow oriented 
along the 200-mb. streamlines  that. diverged  from the  anti- 
cydone  north of Haiti (dashed  lines, fig. 11). The surjace 
winds and  weather at, reporting  stat.ions  are also depicted 
in  figure 11. The northwestern  edge of t.he “cont.inuous” 
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cloud ma.ss seemed tjo be defined or limit,ed by the  sttrorlg 
shear  line  extending  northeast,wttrd  from  the cyclonic. 
center just north of Cub:l. 

During  the  nest, 24 hr. a closed cyclonic  vortex (at  the 
surface)  formed  just’ to the  sollth o f  Cltb:t. Figure 12 for 
00 GMT on tahe  29th sho~vs t,his rtither lrbrge, weak, t,ro1)i(;:d 
depression at,  sea  level. The 200-mb. were signifi- 
cantly enhanced by the  :ddition of t>he aircr:tft winds 
(fig. 13). They revealed  t’hat the major upper level a11  ti- 
( y h n e  t.hat. had been nort3l of Haiti (fig. 7) h:d moved 
over  Hait>i. At the  same  time, :1 new st,rongly  divergent 
tlntioyclone had appe:tred near  north cerltrrtl Cub:l. Dllrinp 
the  same period the cyclonic c,ircul:Lt,iorI to  the west (fig. 
7) had  degenerated  into  lit,tle  more than :t shear line. 

The most8 impressive  change owurred in the thickness 
pattern (fig. 14). A large mass of w1rnler than normal  air 
(from 500 to 200 mb.) now covered west,ern Cuba. Pre- 
sumably t.his upper level warmth  resulted  from  the release 
of latent  heat’  t,hnt :iccompanied the slowly deepening 
surface dist>urb:tnce. Both  the warm pool :tnd t,he asso- 
ciated cloud mass (fig. 15) were located  mainly to tahe 
east of the  surface low center, possibly  because the 
dist,urbance  had only recently  developed from a11 ensterlg 
n-ave with most’ of the  weather  expected on  its enst, side, 
into a closed Low, in  which the  weather  might  be expec,ted 
to be  distributed  more  symmetrically. In figure 16 there 
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FIGURE 2.-Possible antecedent  cloud  mass on  background of upper level  streamlines for 00 GMT, September 25. 
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FIQURE 3."Same as figure 2 but with mom  extensive cloud massea not uniquely  related t o  upper level flow for 00 QMT, September 26. 
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200 MB. STREAMLINES WIND IN  KNOTS 1 

FIGURE 4.-Development of cyclonic  vortex  over Haiti and  trough  in the  Bahamas. 
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FIGURE 5.--1000-mb.  contours for 00 GMT, September 27 showing I barely  pcrccptiblc  castcrly wave over  eastern  Cuba, the fir& low lev01 
evidence of t,he disturbance that became  hurricane Hilda. 
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FIGURE 6.-The surface  trough  (dotted)  almost  midway  between  the  trough-ridge  system  in  the 500- t o  209-mb. thickness. 
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FICXJRE i.-Development of the nrw Ilpper  level  vortex  between  Cuba  and the  Bahamas. 
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FIGURE 8.-Developing  easterly m:tve over enst,ern Cuba  and Jamaica. 

FIGURE 9."Surfncc trough (dotted) now located in thc 500- to  200-mb.  thicknrss ridgv. 
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FIGURE lO.-S,atellite  view of cloud  masses  (lower  portion of picture) that  preceded hurricane  Hilda. 

is  still  a suggestion t,hat tJhe cloudiness tends  to  be 1imit.ed 
by  the  shear  line;  the edge is not  particularly  sharp, 
however, and  the  nephanalysis does not, port,ray  the 
thinner  cirrus  elements of figure 15. A secondary  cloud 
mass t o  the  north of eastern  Cuba  appears to have been 
intimately connected  with  these features  but is not  quite 
part, of the  continuous  cloud  mass. 

Fet.t. [3] has cat.nloged four  typical  stages of hurricane 
development’ ns characterized  by cloud photographs ob- 
tained from sntellites. Figure 10 did not8 present,  adequate 
covernge for satisfactory classification along t,he lines 

suggested by  him,  although it does  suggest a possible “A” 
stage of development.  The coverage of figure 15 is more 
complete  and  the cloud configuration presumably falls in 
Fett’s  “C” or “B-C” category. A clear-cut  “comma” 
configuration is rather difficult to discern. 

By 00 GMT on the  30th  the  center a t  1000 mb.  had 
crossed western Cuba  near  Cab0  de  San  Antonio (fig. 17) 
and wtls centered  in  the  northern  Yucatan passage. The 
storm  had deepened  very little  but  had achieved  tropical 
storm  status (12 GMT, Sept. 29) by  virtue of 35-kt.  winds 
in  the  northeastern seckor. At 200 mb. (fig. IS) the 
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FIGURE 11.-Nephanalysis of figure 10 superimposed on thc 200-mb. streamlines (9 hr.  later)  and  the surfuce winds (3 hr. earlier). 

attendant  anticyclone was well delineated  by  the  aircraft 
winds which showed it had moved  westward as i t  accom- 
panied t,he incipient  Hilda.  Between  the  High  and  the 
sout’hern  Florida  peninsula,  these  reports defined a sharp 
shear line. Visible evidence of the  shear was  observed by 
t.he senior adthor on a research flight tthat  same  day  (the 
30th).  The well-defined edge of the  cirrus shield mapped 
on the Ion- l e d  flight coincided almost  exactly  with  the 
shear  line  determined  from  the  upper level flight winds 
t,hat became  available  later.  Unfortunately,  the TIROS 

picture coverage  does not  extend  quite  far enough north 
to  provide  satellite confirmat,ion of this  observnt~ion. 

Despite  the  lack of significant, change in c,entrttl pres- 
sure,  the  portion of the  storm visible on the  satellite 
coverage  appeared  rnuch bet’ter organized  on September 29 
tshan on previons  days (fig. 19). The   c lod  mass visible 
in the  photograph  suggests n classical “comma”  corre- 
sponding to Fett’s “C”’ stage,  nominally  attended  by 
winds of 20 to 30 kt.  The cloud sho\vs strong  evidence of 
anticyclonic outdraft in the  southern  section of the storl1l. 
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FIGURE 12.-Tropical  depression (Hilda) at 00 GMT, September 29. 
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FIGITRE 13.--A strongly  divcrgcnt  anticyclonic circlllat~ion has dcvrlopcd jlwt north of Cltba as the  cyclonic circulation i n  thr Florida 
Straits was stqq)rcsscd. 
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These  upper level streamers  appear  to  merge  towards 
the west and  southwest (fig. 20). In  view  of the difficulties 
in  compositing  t'he  mosaic  and t,he difference in synoptic 
times  bet\\-een the phot,ograph  and the 200-mb. stream- 
lines, we feel t,he agreement is reasonably  good. 

The thickness map  for 00 GMT on the  30th (fig. 21) 
suffers  somewhat  from  scarcity of data.  Kevertheless,  the 
gross or large  features  are  fairly well defined and  certainly 
suggest that in the overall  vicinity of the  st'orm,  thick- 
nesses continued to increase  in the  layer  from 500 to 200 
mb.  Presumably, the "separate"  area of u-armt'h  present, 
on the previous day  had fused or amalgarnated nit11 the 
normal  center of greatest  warmth  usually 1oc:lted over 
southern Mexico. There was every suggestion that heat,- 
ing \\-as continuing  in  the  upper levels  much  in the fashion 
described by  Yanai [16], [17] in  his now classical study of 
t,yphoon Doris  (1958). 

Of possible significance is that  the  heat release !\-:is 
strongly erident  and preceded  t'he rapid deepening  despite 
the  fact  that  there \\-as no  immediate cold vortex  (above 
the low level center)  that  required trnnsforrnation into n 
n-:mn core  vortex. The nearest,  vortex t h t ,  might hnre 
been associated with Hilda in t,his context  appears to 
have been the one sotltll of Florida tit, 00 GMT on the 28t,l1 
(fig, 7). One might have expected that.  deepening I W " ~  

accelerate  rapidly follotving the  conditions reflected in 
the 00 GMT maps of the 29th (fig. 12,  13). ('ertninly most 
of t,he  generally conceded prerequisit'es  n'ere present: :t 

low level disturbnnce  (with lo\v level inflow), an upper 
divergence mechnnisrn, w:mn surface  \raters  bene:~th,  and 

308-679 0 - 68 - 5 

general  \vurmth  in the 500- t o  200-111b. layer. I t  may \vel1 
be that  proximity to t'he  isltmd of Cub:l and the consider- 
able  obstacle thnt  its terrain  presents, 21s \vel1 11s the  cur- 
tnilment of availnble \\-ater  smface which the  island's 
very  presence  necessitat'es, were sufficient deterrents t'o 
an otherwise  favorable sit,utlt,ion. The  storm  began to 
deepen :It, an  accelerating pace shortly  after 12 GMT 011 

the  29th (fig. 22) ns the  storm  center  cleared  the Cubtln 

peninsula  (Guanahacal~ibes), m'd the most. rapid  deepen- 
ing occurred nft'er the  storm \vas well rtt sea. 

Gray [5] recently  studied  tropicnl  storm forrn:ltion on :I 

global scale. He crime to t,he conclusion t,h:lt fonnntion is 
greatly\- favored  over  those  regions  \\-here low level con- 
vergence  lies benent,h n deep  layer (850 to 200 I&.) 

char:wterized by very little wind shear.  Presulntlbly,  this 
prevents  the  latent  heat released frolll being so \\-idel?- 
disserninated :IS to m ~ k e  its  curndat~ive effect nil. With 
this in mind, \ve h v e  tlndyzed  the 850- to 200-1nb. shear 
winds  over t'he region o f  concern. Hectlllse o w  prime are11 o f  
interest \ \:IS over  t'he southern coast o f  western ( ' u b : I  

(\vhich contained no Itpper  level reporting  stations),  the 
only possible confirmation v~ould lie  in :I minirnlun she:lr 
over  this  mea  implied by the data  from  surrounding t1re:Is. 
To :I limit'ed extent  this did  tlppear to be  the  case;  i.e.,  the 
arett t l b o u t  the  center \\.:IS in n region o f  relatively 1ve:Ik 
shew.  The evidence \vas  not  conclusi\*e and is rlot pre- 
sented  here. 

In recent' yews surftlre \\:Iter ternper:tttIres h211-e 
received c*onsicler:lble :Ittention RS fartors infll1enc.ing tI1e 
fornmntion, intensifi(ut~tion, and  motion o f  hllrriranes. 
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FIGURE 1,5.---Sjatellite  view of the area of concern at 1528 GMT, September 28. 

(I'ttlmCn [11]  hns long since disclaimed any intent, of 
stilting  that hurricbnnes nnd typhoons can form only over 
uxters o f  t t t  least' 26 to 2T'C.) Since  t,here \vas little 
doubt  thnt sen surfwe ten1per:Ltwes soltth of Cuba were 
of t,he order of 28 to 29OC., more than adequate  heat,  and 
moisture (for the over-water  portion of  the storm) \\ere 
nvnilnble long  before  rapid  deepening  began. Out over the 
open Gulf where the significant  deepening  took place, the 
waters were ilppnrently  just  as wnrm or \\-nnner. T,eipper 

[I)] nnd Taylor [15] have  constructed  detailed isothernks 
o f  the  nxter temperwttwes over t,he Golf before :Ind after 
the passage of Hilda. A good portion of these dat:1 \ V ~ I S  

gathered by an oceanographic vessel and may be con- 
sidered more  accurate than the usnnl synoptic  reports. 
Tempenltures in front of Hilda were around 29 to 3OoC., 
or sorne\\-h:tt nbove normal  for  trhe  time of year. Thus, 
sea surface  tempertltnre  conditions were ideal  for storm 
development . 
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FIGURE l'i.-Tropical storm Hilda at 00 GMT, September 30. 
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FIGURE 19.-A marked improvement  in  organization over a  2Phr. 
period. The  “comma”  shape  has become a well-rccognized stage 
in  the  development process. 

Hilda  reached  hurricane  intensity  (winds >74 mi./hr.) 
a t  about 16 GMT, Sept. 30, 1964. Precluding tln earlier 
attainment of hurricane  status was the island of Cuba, 
whose  land mass  has produced  similar effects on 1)rerious 
occasions (Lateef tmd Smith [SI). 

As indicated in figure 23, hurricane  Hilda IVBS 11 large, 
strong,  deepening  vortex  almost,  centrally locnt,ed in the 
Gulf of Mexico at, 00 GMT, October 1 .  The central  pressure 
had fallen to approximately 965 mb. and  maximum  winds 
were  abollt 90 mi./hr. At 200 mb. (fig. 24), a large  anti- 
cyclonic circulation  dominated  the  whole Gulf region, 

except  for  the  small cyclonic circulation  immediately 
above  the  hurricane.  The  shear  line of previous days 
appears  to  have been obliterated but  the  data  do not; 
preclude  the  possibility  that  some  remnants  remained 
east of the  small cyclonic cent!er aloft.  Whether  the  dis- 
appearance of the  shear  line  a,nd  the explosive deepening 
were pure coincidence is not  determinable;  other  factors 
conducive  to  this  deepening  have  been  cited. The thickness 
pattern (fig. 25)  leaves  no  doubt  that  a  large  warm mass 
of air at  upper levels filled the Gulf region and caused 
well-marked  anticyclonic  shear  winds  everywhere hut  on 
the Mexican Gulf Coast. 

Figure 26 presents  the 200-mb. streamlines  for 12 GMT 

on the ist, just  before Hilda  reached its minimum  central 
pressure of 941 mb.  The  combination of flight  and  synoptic 
data  affords  better  than  average coverage for streamline 
analysis.  Hilda  maintained a cyclonic circulation up  
through  the 200-mb. level and  the  data  present  a classic 
example of the  turning of this flow into  anticyclonic 
outdraft’. Of particular  interest  is  the  outdraft  structure 
over  the western Gulf where  westerly  winds  were  imping- 
ing on the  upper level anticyclone.  Despite  the  rapid 
turning of the winds (at a level where small  irregularities 
are  not too common)  one could view the  analysis as :t 

textbook  solution of how the  outdraft would he  disturbed 
by  the intrusion of westerlies. 

The  satellite view of Hilda (at just about  its  deepest 
stage)  and  the corresponding  nephanalysis are  presented 
in figures 27 and 28. The now familiar  appearance-much 
like that of a spiral nebula-is best shown in figure 29 
which is  an enlargement, (not  a mosiac) of a  single  frame 
of the  st~orm.  The  orientation of the outflow cirrus  streams 
(fig. 28 and 29) now mat,ch t,he 200-mb.  streamflow 
quite closely northeast of the  storm  center, as they  should 
in view of the  small difference in synoptic  times. Of 
special  interest  is  the  fairly well-marked eastern  edge o f  
the  cirrus  shield. While the  abruptness of the edge  may 
have been  exaggerated in figure 28, figure 29 suggests 
a  very  rapid  transition  from  thick  cirrus to no  discernible 
cloud a t  all. 

The well-marked  western  edge of the  cirrus shield on 
a  given  side of the  storm  has been frequently  noted  by 
hurricane flyers and was well document,ed  for  hurricane 
Cleo of 1958 (LaSeur nnd Hamkins [ 7 ] ) ,  in which case 
the western  edge of the shield \vas also marked  by IL pro- 
nounced suppression of low level c,umulus activity. 
Similar well-defined, not, necessarily western, edges and 
somet!imes low level suppression also have been  noted 
since t.hat  time.  More  recently,  Merritt  and Wexler [lo] 
have described the  cirrus shield and  related  its well- 
defined edge to  the  rapid  anticyclonic  turning of the wind 
in the outflow layer unt,il t,he flow becomes approximately 
tangential. While we hare no desire to take issue with 
this  description, we :~lso  have  found well-defined cirrus 
edges dong shear  lines, as shown in figure 1 1 .  This  type 
of pattern also has  the  generally  required  characteristics 
to  produce  sharp  cirrus edges. Fett  [2] has  inferred  that 
subsidence is occurring  through  the  action of a  (‘major 
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FIGURE '20.-The tail of the comma is well  orient'ed with regard to the upper level outflow. 
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FIGURE 21.-Lack  of data prohibited more detailed analysis of t,hickness over the storm area, but there is lit,tle doubt of the larger scale 
pattern. 
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FIGURE 22.-A plot of the central pressure of hurricane Hilda 
against time, showing the times of aircraft reconnaissance. Note 
the extremely rapid filling after  the  eye went ashore. 

subsiding  branch of the  hurricane’s  circulation”-and that 
this  mechanism  accounts for the  sharp  annular edge of 
the  cirrus  canopy.  That  such subsidence  comprises a 
major branch of the  hurricane  circulation seems doubtful 
because  the  temperature effects of such  circulation  should 

be  apparent  and  this  has  not proven to  be  the case. 
Nevertheless,  divergence  must  accompany  increasing 
anticyclonic  turning in the outflow layer.  When  the  air 
has  “turned” sufficiently so that it is flowing in an ap- 
proximate  tangential  path,  then  air  from  another, possibly 
dryer, source must flow parallel to it (on the  left).  Many 
sharp  cirrus edges may arise in this  fashion  and  limited 
subsidence may occur beneath  the  area of divergence. In 
the outflow layer where  anticyclonic  turning of the  winds 
is no longer appreciable, it is difficult to see any  marked 
subsidence that  might  terminate  the  cirrus  canopy. 

Merritt a,nd Wexler [lo] have  made  exploratory  calcula- 
tions as to  the  amount of descent  required  to  evaporate 
reasonable  amounts of ice in what is assumed  to  be  a 
typical  cirrus  canopy.  Although  a  limited  amount of 
subsidence  may well occur  on the edges of the  cirrsu 
canopy, we are  reluctant  to  accept  this  mechanism as the 
only significant one. One  reason is that  the  outer  edges 
of the  cirrus  canopy  have  frequently been at  quite high 
altitudes.  Certainly  the  base of the  cirrus shield occurs a t  
lower and lower altitudes  as  a  storm is approached. In  
addition, once the  jet  research  aircraft  enters  the  cirrus 
it’ seldom  emerges until  entering t,he eye, i.e. none of the 
flights  suggests that  the  cirrus occurs a t  lower  elevations 
a t  greater  radial  distances (on occasion, the  jet  does  not 
emerge  even in  the  eye).  Consequently, we are inclined to 
favor  t,he mixing of saturated  cloud  shield  air  with  drier 
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FIGURE 23.-Hurricane Hilda deepening rapidly near the center of the Gulf of Mexico. 

200 MB. STREAMLINES 
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FIGURE 24.-200-mb. streamlines showing the outflow pattern associated with hurricane Hilda. 
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FIGURE %.--The only  shear  winds  that, do not reflect the prevailing  upper level warm pool accompanying  Hilda  over  the Gulf are  the 
weak  winds at Vera Cruz, Mexico. 
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FIGURE 27.-lIosaic of satellite photographs  shorsing the  fully de- 
veloped  hurricane  Hilda at t,he time of the major  aircraft re- 
connaissance  effort. 

air  (above  and  below) as an additional  means  by which 
the  cirrus shield is thinned.  However, in the  straighter 
outflow currents  thin  sheets  and  patches of cirrus  have 
been  observed  where the  satellite  pictures  indicat,e  little 
or none. In  Hilda, on Oct,ober 1, t.he time  lapse films 
show  some cirrus, even east, of 85OW., or well past  t,he 
“edge” of the out‘flow shield. 

I t  does seem possible that, to t,he west of the  storm, 
where the  anticyclonic  curvature  became  most  marked, 
subsidenre may have played a more important role. Some 
of the  harder cloud globules in figure 27 are  undoubtedly 
composed of lower level clouds and  their  alignment is 
best  associated  with  the  surface  winds  plotted  in  figure 
28. The enlargement of the  best single frame  photograph 
of Hilda,  presented in figure 29, is an excellent example 
of hurricane  “banding”  and a fine illustrat,ion of how 
rapidly  the solid cirrus  canopy  can apparently dissipate  in 
the  upper level “straight” outflow.’ 

satellite photographs  can indwd he misleading with rrgard tn the edges of “blowoff’ or 
I More mcent  experience with hurricane Beulah (1M7) has  demonstrated that the 

outflow cirrus. Apparently, r i m s  of a wrtain density is m r d e d  hy the photographs 
quite readily while cirrus of a not too distinguishable thinner  texture goes almost un- 
rpmrded. In a flight from  Miami while the outflow from Beulah was  covering the Gulf 
of Mexico, it was noted that outflow cirrus  was  clearly diswrnible to the eye over the 
rst,ern (11111 hut waq impossible to discern  on available satellite pictures We submit 
that thr  “rapid disipation” of cirrus in tAc otlcfloros from the hurricane  cirrus canopy 
is frrqurntly exwerated i n  satellite photographs  and that marked  and sudden sub- 
sidence  is not needed to account lor observed effects. 

The first low  level  reconnaissance  into the  center of the 
storm took  place  September 29, shortly  after it had  cleared 
the island of Cuba.  Hilda  had  acquired  tropical  storm 
status,  with  a  central  pressure of 995 mb.  Figure 30 
presents  the  low  level  flight  data in profile form. The 
various  parameters  have been  reduced  to  the 900-mb. 
surface for comparison  with  later figures. The 3.2-cm. 
radar  vertical cross section  is  presented  below  the profiles 
for comparison. Maximum  wiids  relative  to  the  moving 
storm were 36 kt.  about  13 n.mi. northeast of the  center. 
To  the  northwest,  maximum winds  were  33 kt.  about 16 
n.mi.  from  the  potential eye. Temperatures  varied  from 
20 to 23OC. with  the  warmest  air  very  near  the  storm 
center.  The  D-value profile for the  29th (fig. 30) shows 
that fairly  well-marked gradients were already  present. 
Computations of the  gradient winds,  using radii of tra- 
jectory  curvatures, were  carried  out a t  10-n.mi. intervals 
to see whether  marked  imbalances  were  present in the 
smoothed data.  Results were inconclusive and showed 
balance  within 10 to 20 percent  maintained  most of the 
time,  with  the  actual winds subgradient  in some instances 
and  supergradient in others. 

The  radar cross section was prepared  from  the  RDR- 
1D 3.2-cm. vertical cross section  radar which pictures  the 
precipitating  elements in a  plane  perpendicular to the 
longitudinal axis of the  aircraft.2  Although  the  tops were 
not  always  stratiform  and  level,  they were not wildly 
uneven  and  cumuliform in amearance.  They  varied  from 
14,000 to 16,000 ft. for theA Lost  part,  and  the  highest 
echo top was at 31,000 ft.  Most were rather  level  and  not 
cumuliform in structure.  The  top of this  “even”  echo 
occurs about where the  bright  band would be  expected  to 
be in this  situation; i.e., near  the 0°C. isotherm. 

We have discussed these  records  with H. V. Senn who 
recently  presented  a  paper on this  subject [14]. He believes 
the  top of the echo  does coincide with  the  bright  band  and 
and t,hat, the effect is caused by  the snowflakes in old 
cumulus  structures  settling down and  either  beginning  to 
melt or otherwise  acquiring  a  coating of moisture that 
enhances  their  radar  reflectivity. On settling  further  they 
undoubtedly  turn  into  drops  and/or  droplets which  fall 
as rain or evaporate in falling, or are  maintained  aloft by 
a weak vertical  updraft.  Whether  the visible cloud form 
in which the echo  occurs  should be  characterized as cumuli- 
or stratiform in nature  may  be  a  moot  point.  The  amount 
of stratiform  clouds  found in tropical  storms a,nd hurricanes 
is quite  large if one  considers the  importance of the  cumu- 
lus  activity  in  the  energetics of the  storm.  However, while 
the cloud material  may  be  almost exclusively cumulo- 
genitus,  many  layers of clouds  are  found  in  these  storms. 
We would  prefer  to  view the  band  as  occurring in a  deck, 
or decks of stratiform clouds. How high  the visible deck 
extends  is  not  known, but  in the  inner  portions of the storm 

of the main beam contain signiflcant amounts of power and give rise to “spurious” echoes. 
* This radar has a very small antenna with a rather poorly defined beam. The side lobes 

in  working with these m r d s .  The interpretations offered in this paper should be viewed 
Since most targets are within 10 mi. of the plane. many problem of interpretation arise 

with reasonable  reservations. 
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FIQURE 28.-Nephanalysis of figure  27 wit,h upper level streamlines and surface observations. Note the rapid dissipation of the outflow 
cirrus. 
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FIGURE 29.-Enlargement of the best single frame sat.ellite photograph of hurricane Hilda. 

Sufficient data were not  available a t  the  time  for  further 
development of t’his idea. In  the case of Hilda,  there 
\vas only ti weak suggestion (fig. 30) that t,he storm a t  
this  stage \vas already warnl core; i.e., the  bright  band 
\v:~s somewhat higher  nenr  the eye. Difficulties in reading 
the filrns more  nccnrately  preclude n more  definitive 
stiltenlent. At lo\\-  elerat.ions  the  ternperttture differences 
betlveen the  stornl core and  the  environs are frequently 
quit,e smrlll. 111 this case the  temperatures a t  60 mi. out 
tlveraged about 21.5OC., while in the st,orrn cent,er  they 
averaged about 22°C‘. This is too snlall a temperature 
diffe.rence to  be relied on  to  indicat.e  the presence of a, 
\\’;lrlll core or a cold core a t  upper levels. The  bright 
bnnd in figure 30 does seem to  occur a t  slightly  higher 
elevations as the core is approached; 60 rni. out,  it  appears 
at, nbont 14,000 to 15,000 ft., while 10 mi.  out on the 
northwest  side it apparently is located  near 16,000 ft. 
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HURRICANE  "HILDA"  SEPTEMBER 29. 1964 PROFILES A N 0  RADAR  CROSS  SECTION 
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FIGURE 30.-Cross sections of D-values,  wind  speeds  (relative to  
the moving storm),  temperatures,  and  radar  structure.  This 
flight  was  made  by low-flying aircraft  late  on  September 29. 
Much of the  radar  return  suggested  precipitation  falling  from 
the  bright  band. 
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FIGURE 31.-Same as  figure 30. The  storm waa now better  orga- 
nized  with  steeper  D-value  gradients,  a  concentration of high 
wind  speeds  near the  center,  and,  even a t  these low levels,  higher 
temperatures  with  decreasing  radius.  The  bulk of the  prrcipita- 
tion  again  appears  to fall from  the  region of the  bright  band. 

On  the basis of this  observation we might  conclude  t.hat 
the  tropical  storm was most  probably of warn1 core 
structure a t  this  stage. 

It is obvious  from figure 30 that  the inner  core of the 
tropical  storm was not, filled with  towering precipitating 
cumulus. In  fact,,  the  areas in which cumulus  activity 
dominated  the  scene,  obliterated  the  bright  band,  and 
led t.o a  breakup in the  stratiform regime  were not pre- 
dominant.  The  greater  part of the  inner core (inner 60 mi.) 
\\-as stratiform in character. Very few rndnr  echoes  went 
to 20,000 ft. and  only  one was  logged above 30,000 ft. 
Altrhough this profile does not  represent a complete  cloud 
survey or census, it, is also representatsive of the  other 
passes. From all other passes only t,wo ot,her  echoes that 
reached t,he 30,000- to 32,000-ft. level were found.  Pre- 
sumably,  this  radar "sees" rnindrops  and possibly cloud 

H U R R I C A N E   " H I L D A "  S E P T E M B E R  30,1964 
FLIGHT NQ 640930-8 900 M B   ( 3 2 4 0   F T )  

C O M P O S I T E  O F  R A D A R   E C H O E S   A P S - 2 0  

100 

0 

D I S T A N C E  i N A U T I C A L   M I L E S  I 

FIGURE 32.-The  IO-cm. APS-20 radar was used to  composite the 
more  stable of the  radar echoes depicted  on  the  time  lapse  film. 
The echoes  do  not  necessarily  reflect  every RDR-lD echo. 

WEST 
,,a0111 

'IOi&i DISTANCE IN I 1  E P S i  
I L X L t  I 

FIGURE 33.-Classical hurricane profiles on  October  1  when  Hilda 
was close to maximum  intensity. 

droplets or ice crystals  at,  ranges of 10 mi. or less. Hence, 
it, is likely that visible cumulonimbus  clouds  rose to 
considerably  grenter  heights hut  active  precipitation was 
not  falling  from  these  heights. In  any  event  there was in 
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FIGURE 85."Profilrs of relative wind  speed  on  a log-log plotout. 
The  outer  slopes  were  not  constant  even  on  the  1st  and  2d  when 
Hilda was a fairly typical  hurricane. 

all likelihood no  copious  supply of snpercooled liquid 
water  available in the  form of raindrops. 

On  September 30, another low level survey of t,he  storm 
\vas made by research  aircraft.  Figure 31 presents, in a 
format  similar  to the preceding  figure,  some of the  data 
gathered.  The wind  speeds  relative t'o the  moving  center 
were both  st'ronger  and  better organized than on the  29th. 
Maxirulm  relat,ive winds  were 56 kt.. on the  south side 
and 48 kt. on the nort,h side. On eit,her side of the  maxima 
the winds  decreased outward  with  shears  much  stronger 
than those in evidence a day earlier. As n-odd  be  expected, 
the  D-value  gradient,  had nlso increased significantly, 
particulttrly in the region o f  maximurn u-inds. There was 
some further evidence of Marming  in t,he core in that  the 
temperature difference from the 60-mi. range  to  the  center 
was  now more than 2'C. 

The 3.2-cm. radar cross sect,ion n-as not,able  for  the 
ext,ensive precipitat'ion encount,ered a t  flight level. In  
accordance  with this evidence of the  stratiform  nature 
of the cloudiness, the echo  tops  on this  radar were  rela- 
tively  even  over  much of  t,he traverse.  Even  where cumuli- 

HURRICANE 'HILDA' SUCCESSIVE DAILY PROFILES OF 'D' VALUES 
SEPTEMBER 29- OCTOBER 2. 1964 

FIQURE 36.-Successive profiles of D-values as  Hilda deepened from 
about  1000-mb.  central  pressure to  947 mb. and  then filled slightly. 

form  activity  prevailed  the  radar echoes did  not  penetrate 
to  very  impressive  altitudes. The extreme  height,  found 
nearly 70  mi. to the  north, was  27,000 ft. An extensive 
area of cumulus  activity occurred from  about 27  mi. to 
at  least 55 mi. south of the  center.  There is a  definite 
suggestion in the  data  that  the  altitude of the  bright  band 
increased  towards  the core on the  south  side of the  storm 
despite  the  prevalence of cumulus  activity.  On  the  north 
side  a  somewhat  similar  trend was  noticed, but  it was not 
particularly well marked.  The  highest echo  logged  on 
this  pass did not  reach 30,000 ft. Figure 32 shows the PPI 
presentation of the  more  persistent  radar echoes  com- 
posited  on  the  basis of film from  the APS-20,  10.4-cm. 
radar  set.  These echoes  were  composited  over  a time  inter- 
val of some 4% hr.  and  comprise  only  the  harder  core 
echoes that were  distinguishable  from the sea  return. 
Where  both  the APS-20 and  RDR-1D  obtained  data 
from the  same meteorological target  the  extreme  height 
of the echo return  on  the 3.2-cm. set was tabulated (in 
thousands of feet)  at  the  appropriate  location.  Because 
of the  difference in wavelength  and  the differences in 
compositing t.here are  noticeable differences between  the 
radar cross section in figure 31 and  the PPI composite of 
figure 32. In  retrospect, it seems somewhat  surprising 
that  despite  the  evident  growth  and  superior  organization 
of the  storm,  little  significant  change in radar  structure 
had become apparent  between  the  29th  and  the  30th. 
It should  be emphasized a t  this  point  that  the visible 
clouds undoubtedly  extended  to  much  higher levels. 

On the succeeding day,  October 1, Hilda was  a  full- 
fledged hurricane,  and  the profiles of figure 33 are of 
typical  hurricane  structure.  Winds  reached  their maxi- 
mum some 11 to 14 mi. from  the  center of the eye. The 
highest  wind  speed  (relative to  the  moving  hurricane)  was 
110 kt. Speeds  peaked sharply a t  the  maximum  and showed 
reasonable  anticyclonic  shears  with  increasing  radius. 
Even  the low level temperatures showed fair  evidence of 
the  warm core structure;  they  rose  from  about 20°C. a t  
60 mi. out  to  more  than 24°C. in  the eye. It is possible, of 
course, that  the  outer  temperatures were  depressed in  the 
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falling  rain,  a  characteristic  not  uncommon  in  vortex 
thermometry  and  usually  estimated a t  less than 2°C. 
(Hawkins  et a1. [SI). The D-values  showed  the  deep V 
expected of a  mature  hurricane  with  maximum  D-value 
gradients of the  order of 175 ft./lO  n.mi.  At  these  latitudes 
this c.orresponds to  a  geostrophic  wind in excess of 900 kt .  
The  radar cross section  shown  in  figure  33  suggests  a 
significant  increase of cumulo-type  activity in the  inner 
20 to 30 mi. Echo  tops  are less than 30,000 ft.  Neverthe- 
less, broad  areas  are  still  dominated  by  stratiform  struc- 
ture  with  the  bright  band  much  in  evidence,  but  there is 
no conclusive evidence indicating  the  elevation of the 
bright  band  with  decreasing  radius. 

Successive daily profiles of temperature  and wind 
speed  are  presented  in figure 34. In  some cases the  “ap- 
proach  leg”  (from 70 to 240 mi.)  was  not a direct  precursor 
or successor to  the  inner leg in time or space, so the  overall 
profiles have been  conlposited  where  necessary;  no  serious 
inconsistency is thought  to  have  resulted  from  this 
procedure. Profiles for  October  2, when the  storm  had 
begun  to weaken, are also included. No significant  temper- 
ature  changes  occurred a t  this low level from  the  29th to  
the  30th,  when  the storm was  deepening slowly, but  there 
was  significant  wwming  in  the core from  the  30th  to  the 
1st  as  rapid  deepening took place. Even  after  the  hurri- 
cane  had filled slightly  on  the  2d,  temperatures in the 
eye  remained  high  and  a  curious  anomalous  center of 
warmth was  located just  within  the  southern  eye wall. 
The mean  annual  tropical  temperature a t  900 mb. is 
18.3OC. and  the  temperatures  associated  with  the  inner 
and outer circulations of hurricane  Hilda were without 
exception  higher  than  this  normal  value. 

The wind  speed profiles (fig. 34) show  a  fairly  regular 
transition.  From  the  29th  to  the  30th  there was little 
change  in  speed  at  radii  greater  than 150  n.mi.  Within  this 
radius, however,  winds (relative  to  the  moving  storm) 
generally  increased,  with  a  slight  suggestion that  there 
ma,s a small  diminution in the  radius of maximum  wind. 
The significant  imrease  in  maximum wind  speeds  from 
the  30th  to  the 1st was not  accompanied  by  a decrease in 
t,he radius of maximum  winds.  On the  contrary,  the  radius 
a t  which the  maximum  winds were  found definitely 
increased.  By  observation  time on the  2d,  the  maximum 
winds had decreased and  the  radius of maximum  winds 
had  expanded  significantly. Also, there  appeared  to  be 
(on  the  2d)  an  asymmetry  in  the wind field accompanying 
t,he  asymmetry in the  temperature field cited  previously. 

If one  assumes  for the  moment  (Riehl [12]) that  the 
potential  vorticity is conserved in the inflow layer  and  that 
the  drag coefficient is constant,  then 

rvi=const. or vQrH=const. 

Various  investigators  have examined the wind profiles in 
order  to  determine  t,he  appropriate  value of m in the 
equation  v8rm=const.  Riehl 112) has  cited  a  number of 
storms  in which m equaled 0.5 over significant portions of 

the wind profile. These were  smoothed profiles which had 
been  meaned  azimuthally.  Although we have  serious  re- 
servations  about  the  constancy of the  drag coefficient in 
hurricanes, we have  computed  the  values of m for  the  sub- 
jectively  smoothed  wind profiles shown  on the  right  side of 
figure 34. The  results of these  computations (fig. 35) show 
that  it is difficult to  characterize  the wind profile from  the 
maximum  wind  out  to  the  periphery  by  the use of a  con- 
stant exponent for the  radius, r. On the  30th,  just  before 
Hilda  reached  hurricane  status, a t  least  four  values of m 
were  required  to  describe the profile out  to 150  mi. On  the 
lst, as  the  storm  approached its maximum  depth,  the pro- 
file seemed  simpler  although for the region from  the maxi- 
mum wind out  to 70 n.mi. the  value of m was  only 0.38. 
The difference between  this  value and  that of the succeed- 
ing  day (0.42) is probably  not significant. In  general,  the 
slope of the profile seemed to  increase as the  storm  intensi- 
fied, as was also found  by  Riehl  in his study of hurricane 
Daisy. 

In  figure 36, the successive D-value or pressure profiles 
have, of necessity, been  composited in the  same  manner  as 
those for  temperature  and wind  speed. It appears  that  the 
area of significant  deepening  extended out only  about 80 
to 100 n.mi., a  relatively  small  area in view of the  large 
range  in  central pressures, i.e.,  from 995 to 947 mb.  Major 
deepening  occurred  from the  30th  to  the  1st  as  previously 
mentioned.  From  the 1st t,o the 2d the  vortex seems to 
have  “expanded”  rather  than “filled.” The  central pres- 
sure was higher  on the 2d but pressures were  lower in  the 
annular  ring  from  about 10 to 40 n.mi. out  from  the  center 
of the eye. This  type of change is not  unlike  that which 
Project  Stormfury effort hopes  to  achieve by  hurri- 
cane seeding. 

3. SUMMARY OF THE GENESIS OF HURRICANE HILDA 
The origins of hurricane  Hilda  appeared  to  be  associated 

with  a  mass of clouds  moving  westward  from the  south 
central  portion of the western Atlantic  to  the  Greater 
Antilles. Because of scarcity of data,  it was not  feasible  to 
satisfactorily  relate  the cloud  mass  to  a unique  feature of 
the  circulation.  Long before Hilda  became  a  hurricane,  an 
easterly  wave  formed  and  began  to  deepen  over  the  warm 
ocean  surface. The wave  was  accompanied by extensive 
shower activity  and  a  considerable release of latent  heat 
in the 500- to  200-mb.  layer. This heat,  in  turn,  seemed  to 
be associated with  the  development of further  anticyclonic 
circulation a t  higher levels and  further  enhancement of the 
upper level divergent  mechanism.  Deepening  was a t  a 
moderate  rate  at  first  but  accelerated  after  the  disturbance 
moved clear of the  island of Cuba.  Throughout  the  period 
of aircraft surveillance, a  large  areal  proportion of the  pre- 
cipitation seemed to fall  from  stratiform  clouds  (undoubt- 
edly of cumulus origin) with  a well-marked bright  band. 
Radar echoes did  not  extend to great  heights at  any  time 
up through  October  l-the  highest  was of the  order of 
32,000 ft. Visible clouds  were of greater  vertical  extent 
t h y  this. The final deepening  was  mainly  over an  area 



relatively close to the  storm core and was accompanied by 
a marked increase of cumuliform vs. stratiform  radar 
echoes in t,he area  surrounding  the eye. 

The genesis of Hilda proved  in no way an exception to 
the general ronrepts of such events as they  are  currently 
tlcrepted tit, the NntIional Hurricane  Center.  These pre- 
cepts  include: 

1) A preexisting  dist,urbance at  lower levels with low 
level inflow. In this  cme,  the ettsterly wave was of recent 
origin and  may  have nppenred first a t  midtropospheric 
levels. 

2 )  A relatively warn1 ocean surface. The  fact  that 
major deepening orrrmetl only lifter the storm cleared 
Vllbtl is n o t  inconsistent with this  requirementj. 

:{) ‘I’l~e Inwenre (or simultnrreous developlent) of a 
tjivergelrce mecltmism doft  cousistent  with  the low level 
inflo\v. ‘I‘he ulq)er level nlnticyclom ap1)eared t o  satisfy 
this  requirenlent  most ud~n i r~~b ly .  
4) C;errertll \ v m n t I 1  in the  upper t,roposphere  from 500 

t o  200 ~nb. The thirklless pltterns give adequate evidence 
of iucreasing ten1l)errltures in this  layer.  These t.empera- 
ture incretrses are ill t , w n  attributed  to  the release 
of  latent, heat, in the shon-ers that ttccornpanied the 
dist urbsnce. 

The hyl)othesis thtl t .  formation is favored in the ureas 
of nlinimd shew (Grny [ 5 ] )  is being further  evaluated. 
Probably the most sIlr1)rising aspect of Hilda \vas the lack 
o f  evidertce 0 1 1  the vertirnl cross section rttdar of deep, 
p u t t  ra t ing cnntdus buildups. The area  dominated  by 
rrlmrllrls  wtivity \vas, tis expected,  and as is  usually the 
(:we, quite smdl.  Rut  the lack o f  radar target echoes 
perletrtlting t o  :%5,000 ft. or above was somewhat  dis- 
concerting dtllouglt visible cloud towers to and above 
these levels rrwy have been present.  Furthe,r st>udy ttnd 
use o f  the ;1.2-cm. vertic:ll cross section radar is necessary 
before I I I I ~  cowlusions (‘(111 be  reciched tis to  how repre- 
serrttltive t l n d  valid  these obserrutions on the  storm’s 
rtldar structure  may be. 
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